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Introduction
In daily life, people using mechanisms are surrounded by the sounds produced by a variety of sources. However, not all sounds can be perceived as pleasant ones. These unwanted sounds is noise, often generated by an engineering structure, for example, the engine of a vehicle. The noise, caused by 5 the engine, propagates to the position of interest through different paths, where each of them contributes differently. The path contributions cannot be measured directly; hence Transfer Path Analysis (TPA), introduced some decades ago [1] , provided two experimental techniques for estimating the contributions indirectly. The first of the two, the mount-stiffness method can be only ap- 10 plied to structure-borne noise, whilst the second, which is often referred to as a matrix inversion method, can be applied to both structure-borne and air-borne problems. To estimate strengths of the noise sources and the sensitivity of the paths, TPA requires that the system is separated into two subsystems: active and passive, and Frequency Response Functions (FRFs) are measured between 15 many points of the structure. This makes the application of TPA very time consuming. In order to reduce the required workload, a number of methods were introduced during the last two decades. One of them is Operational Transfer Path Analysis (OTPA), which is based on the Transmissibility Matrix (TM).
The OTPA method does not require any FRF measurement, hence separation 20 of the assembly into active and passive subsystems, as it is only based on operational measurements. However, the OTPA method has some disadvantages that are listed in references [2, 3, 4] . These are the effect of neglected paths, cross-coupling, and the mathematical issues behind the TM estimation. Operational Path Analysis with eXogeneous inputs (OPAX) [5] claims to solve some 25 of the above-mentioned problems via path modelling and finding the parameters of the model from operational data. The recent introduction of blocked forces 2 [6, 7] and its application to TPA demonstrated that correct contributions can be obtained without disassembling the system into active and passive parts, which also allowed a significant reduction of the time necessary to conduct conven-30 tional TPA. An overview of existing methods addressing finding contributions from different sources and paths can be found in [1] . Nowadays, as electrical and hybrid vehicles are coming to the market, customers may experience new types of high frequency noise, which explains a renewed interest in the field [8] .
In [9] , a variation of OTPA, only suited for structure-borne noise, was in- 
Method

The TPA method
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The individual path contributions using the TPA method [1, 10] are synthesized from the FRF, which describes the system of interest, and the operational forces acting in the system:
representing an input-output relationship, where {F } is the vector of operational input forces, [H yf ] is the FRF matrix of the passive subsystem, and {Y } is the 3 vector of the responses. The FRF matrix of the system is usually determined experimentally. The crucial parameter that is used to synthesize individual path contributions is the operational input forces {F }. The forces can be determined 55 by one of the following techniques:
• Using a force transducer -requires mounting a force transducer at the interface, between the active and passive subsystems, and directly measuring the force. The drawback of this method is that it requires modifying the mounting, which is often not feasible in practice.
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• Mount stiffness method -uses mount deformations to estimate operational forces by applying Hook's law,
where K is the diagonal matrix of mounts' stiffnesses, and {∆X} is the vector of mounts' deformations [1] . The drawback is that the mount stiffness data often is neither available nor very accurate. The mount stiffness can be estimated experimentally, however, it can become quite complicated procedure, since it depends on various parameters [11] .
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• Matrix inversion method -is the most used technique [12] , and uses the responses from addition accelerometers (indicators) {V }, similar to eq. (1), 
where + indicates a Moore-Penrose inversion [13] . The main issue with matrix inversion is that it requires a quite significant amount of indicators responses in order to avoid ill-conditioning. The rule of thumb is to have at least two times more responses than the number of paths [1, 14] .
From the FRF matrix and operational forces data, the individual contributions can be synthesized. For example, let us consider a very simple system 4 having two paths with operational forces F 1 and F 2 acting at the interfaces.
The paths are characterized by FRFs: H 11 and H 12 , for one receiver. Then the individual contributions for the two paths are determined as:
where C 11 and C 12 are the individual contributions. The summation of these two contributions results in the total response,
In an ideal situation, the sum of individual contribution coincides with the In this study, the contributions estimated by the conventional TPA method are used as a baseline for comparison with other methods. TPA is referred to
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as Exact contributions later in the paper.
The OTPA method
OTPA uses a TM technique to estimate the individual path contributions.
This can be shown by inserting eq. (3) into (1), which yields
The responses in eq. (6) are linked through the transmissibility matrix [T yv ] that can be determined from operational measurements, by inverting the indicator responses [15] ,
where M is the number of operational conditions, which have to be higher than the number of paths to avoid the errors regarding the ill-conditioning [1] .
The individual path contribution for OTPA is determined in a similar way as for TPA. By taking the same example, where two paths and one receiver are 5 considered, the individual contributions are determined,
By summing the individual contributions the total response is achieved (9) , which coincides with measured data,
It was demonstrated [2] that unlike the TPA method, this summation is always equal to the response Y 1 . Thus if one or several paths are neglected, the measured and summed data will still coincide, and the missing paths will not be detected. In addition to that, the individual contribution estimated with OTPA method faces two other issues: effects of cross-coupling and errors in transmissibility estimation [3, 4] . Due to these, individual contributions estimated by OTPA method are somewhat different from the ones estimated with TPA, thus, S ij = C ij . To demonstrate this, consider a simple system with two forces {x 1 , x 2 }, two indicators {v 1 , v 2 }, mounted on the passive side of the structure and one receiver {y 1 }, similar to the one presented in [16] . ones and therefore ε is small: ε < 1. The TPA contributions for this case are
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To compute OTPA contributions (8), one needs the transmissibility matrix, which can be estimated from operating measurements via (7) or from definition
where determinant is
Substituting this into (12), and further into (8), and expanding into a Taylor series yields
The first terms in the expressions can be identified as the TPA contributions (11), thus
From (15), it can be noted that S 11 = C 11 and S 12 = C 12 when ε = 0, i.e. there is no cross-talk, in other words, the indicator v 1 does not pick up any energy from the force x 2 and indicator v 2 does not pick up anything from x 1 , which is a very seldom case in reality. If ε = 0, the contributions provided by the OTPA method are generally wrong. The error depends on many parameters and its estimation can be hardly generalized. It is interesting to note that summing up S 11 and S 12 , the terms in brackets cancel out, resulting in
in other words, the sum of OTPA contributions is the same as in TPA, which 80 agrees with the observation in [3] .
In the presented example, the indicators were mounted on the passive side of the system. In [17] , it was suggested to place the indicators on the active side of the mounts, as close as possible to the mounts. The variants are referred to as Method 1 and Method 2, respectively, later in the paper. 
The OTPA-D method
Study [9] suggested another approach to determine the individual path contribution, using a concept very similar to OTPA.
According to eq. (2), the operational forces can be determined from mountstiffness and mount-deformation data. Substituting eq. (2) into (1) yields,
showing the causal relationship between the input {∆X} and output {Y }, similarly as for the TPA method. {∆X} corresponds to the difference between the indicators responses measured at the active and the passive parts of the system: {∆X} = {X a } − {X p }, therefore the method is referred to as Operational Transfer Path Analysis -Difference (OTPA-D). In addition to that, (17) links the receivers responses {Y } with the deformation responses {∆X} [9] , which according to the transmissibility concept, can be expressed as the new transmissibility matrix
Thus, the eq. (17) can be expressed as
Applying the OTPA concept, the TM can be estimated from operational measurements, making use of eq. (7), where instead of indicators signals {V }, the 90 differences {∆X} are used.
Previously it was shown that individual contributions
matrix is diagonal (15) . Here, this condition is fulfilled as K is diagonal and so is [T * yv ]. This shows that TM for OTPA-D is not affected by the crosscoupling effect, which is the most criticized issue regarding the OTPA method [3, 16] . Considering the example with two paths and one receiver, the individual 8 contributions can be determined from Masses To determine individual contributions using the TPA method, the system has to be separated into active and passive, figure 2.
The FRF matrix can be determined by exciting the passive part for each
of six FRFs are obtained, three for each path (x 1 , x 2 , x 3 ).
Another step is to determine the operational forces. For such a simple system, the operational forces can be estimated using the mount stiffness method, which uses Hook's law (2) to determine the forces acting on the subsystems:
Alternatively, the matrix inversion method can be used. Finally, the individual path contributions can be synthesized by multiplying the estimated FRFs of the passive subsystem, H ij , together with corresponding operational forces, The first step is to apply both Test forces, {F } (1) and {F } (2) , to the full system, and compute the responses. The TMs for three OTPA-based methods can be determined, according to eq. (7)
where the difference is the indicators responses {V }:
• Method 1 -indicator responses at the passive subsystem:
• Method 2 -indicator responses at the active part:
• 
Experimental Setup
To validate all three OTPA-based methods, an experimental setup was built, figure 4a.
Similar to the analytical model, the setup contains four parts, which are marked in figure 4a: To estimate the individual contributions using TPA method, the engine together with three engine mounts have to be dismounted before measuring FRFs.
The The operational forces are estimated using the matrix inversion method, eq. The individual contributions for TPA method are now determined by multiplying the FRF matrix containing receivers' responses together with corresponding operational forces,
Frequency response functions
As mentioned previously, the sum of individual contributions C ij can be com- 
OTPA & OTPA-D
Regarding the OTPA-based methods, the first step is to estimate the TM, which requires the number of different operational conditions to be higher than the number of paths. The TM is determined using the H s estimator [18], which is based on singular value decomposition of the auto-power matrix [G yvyv ] of the vector containing receiver y and indicators v,
where λ M represents total amount of singular values. The lowest singular values are considered to be caused by noise and can be rejected [19] by limiting the inner matrix to the size of λ N [18]. The transmissibility matrix is estimated
using the highest singular values. The elements of the estimated TMs for receiver Lastly, the individual contributions for all three OTPA-based methods are,
the differences between the methods are the different transmissibility matrices
195
and the corresponding indicators responses.
Results & Analysis
The individual contributions estimated with three OTPA-based methods The individual contribution plots of receiver position R 4 , estimated in the same directions Y , are presented in figure 11 .
From figure 11a it can be observed that all three OTPA-based methods 240 match TPA quite well in the frequency range of 100 − 600 Hz, but above that, they become more different, especially Method 1. Also, it can be noted that individual contributions estimated with Method 2 and Method 3 are quite similar, which was also previously observed.
In figure 11b all three OTPA-based methods show rather similar behavior 245 between each other and also match TPA quite well. The biggest differences between TPA and OTPA-based techniques appear at the frequency range of 600 − 1000 Hz, while at other frequencies only minor ones can be observed. parameter. By having the soft engine mounts, the cross-coupling between the paths is highly reduced, which results in more correct individual contributions.
Discussion
From the previous section, it was observed that the results of Method 2 and Method 3 matched the best with TPA. However, according to the analytical 280 model, it was expected that Method 3 would agree with TPA almost perfectly, which was not achieved experimentally.
Having produced and analyzed the obtained results, it is learned that the chosen experimental setup was not perfect for studying OTPA-based methods.
The following ways to improve the experimental setup in the future and the 285 drawbacks concerning different methods are listed below:
• Considering the TPA results, it was noted that all the paths contribute rather similarly. First, all the forces were highly correlated, which could be reduced by having three separate sources for each mount. By having three separate sources, it would be possible to excite three different frequency 290 ranges, for example, mount 1: 0 − 500 Hz, mount 2: 500 − 1000 Hz and mount 3: 1 − 1.5 kHz, similarly to [16] . This will allow investigating the cross-coupling effect for the OTPA-D method, which theoretically is supposed to be zero.
• Second, in order to differentiate individual contributions between each 295 path, the design of the frame should be changed. Considering the current frame, the FRFs between left and right mounts are rather similar due to the same structure and since the forces are highly correlated, the contributions between the left and right sides become quite alike. By changing the structure on one side, or both, the FRFs will become more different, 300 causing difference in contributions, which will give a better identification of the most dominant paths determined by each method.
• Installing harder engine mounts shall increase the cross-coupling effect in the active part. Due to stiffer interfaces, Method 2 results shall regress, while for Method 3 they shall not, which will better represent the ana-305 lytical model from [9] .
• Missing rotational coupling, which cannot be identified with TPA method.
In many practical cases, rotational DoFs are assumed to be insignificant and hence neglected. However, the level of rotational DoF cannot be identified and therefore TPA results have to be trusted as they are. It was
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shown that the measured response matched the sum of individual contributions very well, only with small discrepancies, see figure 7. That suggests that rotational coupling was insignificant in this experiment. However, it would be interesting to investigate the rotational coupling effect to find out the actual influence.
cross-coupling issue, and considering that all the structure-borne paths were included, it can be suggested that the issue appears to be due to imperfect TM estimation. The acting forces and operational conditions during the experiments were rather similar, which might have caused ill-320 conditioning and therefore TM estimation became somewhat incorrect.
It is expected that due to this reason, the results achieved with OTPA-D method were not fully consistent to TPA. In addition to that, this issue might have also influenced the results obtained with Method 1 and Method 2.
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• In this experiment, Signal to Noise Ratio (SNR) was considered to be high and hence not investigated. However, in a future research, it would be interesting to investigate SNR as well. By knowing that engine mounts were rather soft, the SNR is more likely to be higher at the active side than at the passive one. If SNR ratio is low, the estimated TMs become par- to spend extra time conducting TPA measurements.
